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For this reason it is important to study pn in as early a phase of evolution
as possible. A large effort has been made to find so-called proto-planetary
nebulae (ppo), objects which have evolved away from the AGB, but have not
yet developed into a full-blown planetary nebula. Because of the large amount
of obscuration by the dust, such surveys have extensively used far infrared
data, mainly from IRAS, as well as OH and CO lines, all of which are little
affected by extinction. In the last few years a number of. ppn have been found,
although a large scale study has not yet been undertaken. Surprisingly, some
ppn act:ually were found to be fairly bright in the optical; although these stars
had been observed before, they had not been recognized as post-AGB stars.
Finally, since most stars pass through the pn phase, and since pn are rel-
atively bright and easy to find, they are a good tracer of the overall stellar
population. The velocities of pn) as determined from the nebular emission
lines, can yield information on the kinematics of stellar groups, such as our
galaxy. Arr example of such studies can be found in Ford et al. (1989): on the
basis of a large number of newly found pn in the galaxy Centaurus-A, they
determine a velocity field for the galaxy. To derive a velocity field in our own
galaxy is more difficult, since the distance to most pn is not well-known. Dis-
tances are known for the pn near the galactic centre, but this region is highly
obscured by interstellar dust, and these objects are therefore difficult to find.
With help of IRAS it has become possible to identify pn without the need for
optical confirmation. It is expected that the number of known pn, especially at
the galactic centre, will increase in the next few years when more of the IRAS
data has been analyzed.
4. Thesis outl ine and main conclusions
The thesis describes the results of extended radio observations of pn, both in
continuum and spectral line. The radio emission provides an important tool
for studying pn. Firstly, it is not affected by interstellar extinction, as is the
case for optical emission. Secondly, radio continuum arises from interaction
between electrons and protons, and therefore traces the major component of
the ionized gas. Optical emission l ines (with the exception of the hydrogen
lines) arise from one particular ion, which may only be found in certain regions
of the nebula. The structure of the nebula can therefore be better studied using
the radio emission. A drawback is that radio emission is generally weak. Thus,
sensitive instruments are required.
The thesis is divided in three parts, each consisting of three chapters. The
first part describes radio continuum observations of. pn. The second part, chap-
ter 5, 6, and 7, is on the subject of ppn, and specifically studies the relation
7between OH/IR stars and pn. The last section discusses the problem of rnis-
classified objects among the list of known pn.
Firstly, we have carried out a radio continuum survey with the Very Large
Array (VLA). The VLA is a synthesis radio telescope, consisting of 27 indvidual
dishes, each 25 meter in diameter. All dishes together give the largest collect-
ing area of any radio telescope in the world. The VLA is capable of angular
resolution better than 1", although we generally observed at lower resolution
(1 " -1 ' ) .
More than 300 pn were eventually observed at the VLA. Adding VLA ob-
servations carried out by others (most of them by Orla Aaquist and Sun Kwok
from the University of Calgary), accurate radio observations are now available
for almost 600 pn, close to half the total number of known galactic pz. Not all
of these were actually detected: in some cases only upper limits to the radio
flux density are available.
Chapter 2 describes the large radio continuum VLA survey of 300 pn. The
observations are described, and tables of the observed parameters are given.
Maps of many of the spatially resolved objects are also shown. We have com-
piled a list of VLA observations of pn elsewhere in the literature. Not included
are the data from Aaquist and Kwok, which will be published shortly.
Chapter 3 describes observations of a group of 15 recently discoverecl pn,
which show a very low nebular lumiuosity. It is shown that the available data is
sufficient to obtain temperature and luminosity of the central stars, even though
the stars themselves are not observed. The method requires that the nebula
is optically thick to ionizing radiation, i.e. the nebula is not fully ionized. In
view of the low mass of the ionized gas of many of the nebulae, this assumption
is not unlikely. However, the derived parameters of the central stars are for
some objects not consistent with theoretical models. This throws doubt on the
assumption of optical thickness. It is often assumed lhat pn have total masses
of 0.2-1 M9i our results appear to indicate that a significant number of pn
has a much lower total mass. This has important irnplications for methods for
determining distances which use an assumed mass) or mass-radius relation.
Using the full data set of VLA measurements, chapter 4 studies some derived
properties of. pn. In the galactic bulge, an upper cutoff to the total luminosity
is found of 6,000L6. The mass-radius relation found for different samples of
pn is discussed: it is shown that the observed relations can be explained by
selection effects. A galactic gradient is found for the infrared properties of pn.
Secondly, the problem of the progenitors of. pn, commonly called proto-
planetary nebulae (ppn) is adressed. Since the main problem in studying these
objects is that so few are known, we attempted to increase the number of ppnin
a systematic manner. In chapters 5 and 6, a search f.or pn which still show OH
emission is described. The OH emission is a remnant of an earlier evolutionary
phase, the OH/IR stars. Its presence indicates that the planetary nebula is
still very young, and is only partially ionized. Searches for OH emission from
pn have been carried out before, but were largely unsuccesful. We identified 12
candidates; before only two were known. The main reason for the large number
of detections was the availability of far infrared (IRAS) and radio continuum
(VLA) observations. The ratio of these two measured quantities determines
the infrared excess, which is a very effective indicator for the relative age of a
planetary nebula. We searched for OH emission in the vicinity of pn with very
high infrared excess. Objects with such high infrared excess were previously
not known. Many of the OH observations were carried out by P. te Lintel
Hekkert.
Using a different approach, in chapter 7 the relation between the OH/IR stars
and pn is studied (again in collaboration with te Lintel Hekkert). Looking at
the galactic distribution, the range of intrinsic velocities and the expansion
velocities, it is shown that pn belong to the same population of stars as the
OH/IR stars with low expansion velocities. These are the most l ikely progeni-
tors of pn. The OH/IR stars with high expansion velocities apparently belong
to a more massive stellar population, from which few pn originate. Thus not
all OH/IR stars should be equally considered to be ppn. We also look at the
galactic distribution of the carbon stars, which are a possible alternative grollp
of ppn; their distribution is significantly different from pn. Except in the outer
galaxy, where most pn may originate from carbon stars, the OH/IR stals are
numerically more important as ppn candidates.
Thirdly, the last three chapters study the problem of mis-classified pn. Es-
pecially through IRAS, it was shown that as many as 30% of the known pn
are incorrectly classifi,ed. On the basis of the radio continuum measurements,
a number of objects in our sample also turned out to be misclassified as pn.
Chapter 8 lists these objects and gives some additional inforrnation. One ob-
ject, M1-78, is studied further in chapter 9. It has had an on-off classification
as planetary nebula. On the basis of HI absorption data, a distance is derived,
which allows us to calculate the total luminosity. The derived luminosity is
much too high for a planetary nebula, so that now the object is again in its
off-state as planetary nebula. This project was part of the summer student
program at the VLA, in 1987.
Finally, in chapter 10 an object is studied which shows some characteristics
of pn, although it has never actually been classified as such. Originally it
was thought to be an OH/IR star, and it sti l l  bears the name OH5.89-0.39.
The discovery of strong radio continuum emission at the position of the object
shows that it is not a normal OH/IR star. We have studied it extensively with
the VLA. OH5.89-0.39 appears to be a massive young star sti l l  in formation,
which powers a massive and fast outflow of gas into the surrounding molecular
Icioud. Such objects are rare (a well-known member is the Orion-BN object)
but luminous. Occasionally they may be classified 6 pn, but it is unlikely that
these contribute significantly to the number of identif ied pz.
All chapters are writteu as self-contained articles, and can be read indepen-
dently. As a result there may be some overlap between the chapters.
5. Suggestions for future work
In any field of astronomy which is largely based on observations, like the field of
planetary nebulae, progress is mostly obtained by acquiring new observations.
In this thesis, the new observations consist of radio mea^surements of a large
number of pn. Thus, the question becomes what other observations would add
significantly to the work described here.
The properties and evolution of. pn can be studied best using three different
wavelength regimes: radio, far infrared, and optical. Accurate radio continrrum
flux densities are now available for almost half the total number of known
galactic prz. Even though it would be useful to observe the other half as well
(of course the most interesting object is always the one that was skippcd in
the first run), major new results should not be expected from such a projcct.
The analysis as given in chapter 4 could be improved with a larger data set,
however.
The situation with respect to far infrared observations appears quite proruis-
ing. IRAS has detected half of the known pn, and opened up the field of proto-
planetary nebulae. This data set has by no means been exhausted. Using dif-
ferent rnethods for subtracting point sources, rnany nore pn can be detected, or
be detected at wavelengths where presently only upper l imits are known. The
resolution can also be significantly improved. In principle IRAS can achic,ve a
resolution of better than 1', while the presently available maps have a resolution
of ouly a few arcminutes. At the higher resolution, we can expect to resolve
a significant fraction of the pn. A comparison with the radio maps can show
whether the warm dust is confined to the ionized region, or that it is located
outside the ionization front; a question which is sti l l  controversial. The dust is
one of the best probes for the evolution of pz; having as complete a sample as
possible of far infrared observations of the dust would be highly benificial for
studies of pn.
At optical wavelengths, most bright, nearby pnhave been well studied. This
is not true for pn close to the galactic centre, however. As an example, ex-
pansion velocities are only available for a few pn at the galactic centre. Tltus,
future studies should concentrate orr obtaining high resolrrt ion spectra of nrany
more pn in the galactic centre region.
